Background: Several studies have assessed predictors of weaning and extubation outcome in short-term mechanically ventilated patients, but there are only few studies on predictors of weaning from prolonged mechanical ventilation. Methods: Retrospective, single-center, observational study at a specialized national weaning center in Germany. Patients' medical records were reviewed to obtain data on demographics, comorbidities, respiratory indices, and the result of a prospectively documented, standardized spontaneous breathing trial (SBT) upon admission to the weaning center. Respiratory indices assessed were the ventilatory ratio (VR) and parameters derived from calculated mechanical power (MP). Predictors associated with failure of prolonged weaning and failure of the SBT were assessed using a binary logistic regression model. Results: A total of 263 prolonged mechanically ventilated, tracheotomized patients, treated over a 5-year period were analyzed. After 3 weeks of mechanical ventilation, patients with unsuccessful weaning failed a SBT more frequently and showed significantly increased values for inspiratory positive airway pressure, driving pressure, VR, absolute MP, and MP normalized to predicted body weight and dynamic lung-thorax compliance (LTC-MP). In the logistic regression analyses, variables independently correlated with weaning failure were female gender (adjusted odds ratio 0.532 [95% CI 0.291-0.973]; p = 0.040), obesity (body mass index ≥ 30 kg/m
Background
Intubation with mechanical ventilation is a life-saving procedure for patients presenting with acute respiratory failure. However, since unnecessarily prolonged mechanical ventilation is associated with increased mortality [1, 2] , weaning from the ventilator, which accounts for approximately 40-50% of total ventilation time [3, 4] , should begin as early as possible. In order to provide structure and to safely accelerate the weaning process, a classification into six stages has been proposed [5] , with clinical parameters and tests (including weaning trials) at each of the stages that may help predict successful transition to the next stage (and eventually to extubation) [6] . If a patient experiences prolonged weaning [5] , undergoes multiple unsuccessful weaning trials, or has to be reintubated despite using non-invasive ventilation to prevent post-extubation respiratory failure, tracheostomy is indicated, often followed by transferal to specialized weaning and home ventilation centers [7] [8] [9] [10] . At such centers, since the pathophysiological basis of prolonged weaning is an imbalance between respiratory muscle load and capacity [11, 12] , the aim is to both reconditioning the respiratory pump, while at the same time reducing workload imposed during spontaneous breathing. So far, few studies have examined predictors of prolonged weaning in such patients [13] [14] [15] [16] [17] [18] .
The aim of the present study is to derive such predictors from demographics, clinical characteristics, comorbidities, respiratory indices, and from the results of a standardized first spontaneous breathing trial (SBT) upon admission to the weaning center.
Methods
This was a retrospective, single-center, observational cohort study conducted at a national weaning center in Germany. The 12-bed ward was established in 2006 and is part of the specialized lung clinic at Schillerhoehe (Gerlingen). The weaning unit is equipped to provide invasive (by tracheostomy tube) and non-invasive ventilatory support. Main preconditions for referral to the unit are hemodynamic stability without need for vasopressors or inotropic agents, wakefulness without need for permanent sedation, and invasive mechanical ventilation by tracheostomy tube with a positive end-expiratory pressure (PEEP) less than 10 cm H 2 O and a fraction of inspired oxygen (F i O 2 ) less than 0.6.
The study was approved by the local ethics committee, and the need for informed consent was waived.
Patient selection
All consecutive patients transferred to the weaning center between January 2014 and October 2018 were identified. Patients were included in the analyses if they were referred because of evident failure to wean from mechanical ventilation, and if they met the criteria of prolonged weaning, classified as category 3 as defined by Boles and colleagues (i.e., failed at least three weaning attempts or required more than 7 days of weaning after the first SBT). Patients classified as category 1 (simple weaning: patients who proceeded from initiation of weaning to successful extubation on the first attempt without difficulty) or category 2 (difficult weaning: patients who fail initial weaning and require up to three SBT or as long as 7 days from the first SBT to achieve successful weaning) were excluded from the analyses [5] . We analyzed data only from patients whose first SBT upon admission to the weaning center was performed over a period of 30 min. Furthermore, patients were excluded from our study if a tracheostomy or non-invasive home ventilation (NIV) existed before the acute illness, or if the patient was subsequently transferred to another hospital prior to completion of the weaning process ( Fig. 1 ).
Ventilator weaning
Weaning was systematically performed according to the recommendations of Boles and colleagues [5] and the national guidelines on prolonged weaning [19] . The process included protocol-based increasing periods of unassisted breathing through a tracheostomy collar (weaning trials), usually starting with a 30 min SBT, with the duration increasing by approximately 2 h per day. In the intervals between SBT, all patients were mechanically ventilated in the assisted-controlled mode (Vivo 50, Breas Medical AB, Moelnlycke, Sweden) in order to recover from the imposed work of breathing during SBT [20] . The overall weaning program included nutritional support, proactive physiotherapy, and optimal therapy of comorbidities, with use of sedatives avoided.
Patients were classified at the end of the weaning process into two categories: patients with successful weaning (weaning success) and those with unsuccessful weaning (weaning failure). Successful weaning was defined as spontaneous breathing for more than 7 days without concomitant clinical or laboratory signs of chronic ventilatory insufficiency. Unsuccessful weaning was either death in the course of weaning or the transition to permanent non-invasive (by face mask) or invasive (by tracheostomy tube) home ventilation due to chronic ventilatory insufficiency. Chronic ventilatory insufficiency was defined as recurrent hypercapnia during the daily weaning trials, preventing the extension of spontaneous respiration, or hypercapnia occurring within 7 days after weaning completion, requiring resumption of mechanical ventilation.
Spontaneous breathing trials
All weaning trials were standardized and were documented prospectively. The first SBT upon admission to the weaning center occurred as soon as the criteria for weaning readiness were met, which were adequate oxygenation with a PEEP ≤ 8 cmH 2 O, hemodynamic stability without the need for vasopressors or inotropic agents, and normocapnia (P a CO 2 ≤ 45.0 mmHg) on mechanical ventilation. At the time of the SBT, patients were not sedated.
For these weaning trials, patients were placed in the semi-recumbent position, ventilator variables were recorded, and an arterial blood gas analysis (aBGA) was performed. The patient was then disconnected from the ventilator and breathed room air for 30 min through a Tpiece with oxygen admixture to ensure sufficient oxygenation (S p O 2 ≥ 92%). The first SBT was performed under the supervision of a respiratory therapist, and vital signs were continuously monitored to immediately detect respiratory distress. Another aBGA was performed at the end of the SBT and, if possible, also in the event of premature termination of SBT due to respiratory distress.
Failure of SBT was defined as the occurrence of clinical signs of respiratory failure (agitation and anxiety, diaphoresis, breathing frequency > 30/min, tachycardia >130 bpm, systolic blood pressure > 160 mmHg, or S p O 2 < 88%) or changes in blood gas values consistent with ventilatory failure (hypercapnia [P a CO 2 > 45.0 mmHg] with or without respiratory acidosis [pH < 7.35]) [5] .
Data collection
Data were retrospectively collected from referral letters and the hospital's electronic medical record and chart system. Patients' baseline characteristics on admission, such as demographic data and comorbidities were collected.
Ventilator variables included inspiratory positive airway pressure (IPAP), PEEP, oxygen flow on mechanical ventilation, breathing frequency (BF), inspiratory tidal volume (VTi), and minute ventilation (VE). The following were then calculated from the collected parameters: driving pressure (DP), dynamic lung-thorax compliance (LTC) [21] , mechanical power (MP) [22] [23] [24] , and ventilatory ratio (VR) [25, 26] . MP indices were calculated by normalizing absolute values to predicted body weight (PBW-MP), to LTC (LTC-MP) [27] , and to minute ventilation (VE-MP).
Further details on definitions of ventilator variables, respiratory indices, and weaning outcome measures can be found in the online supplement [see Additional file 1].
Statistical analyses
All analyses were exploratory, without formal sample size planning. Data are reported as mean and standard deviation for continuous variables and number and percentages for categorical variables.
Descriptive and frequency statistics were used to summarize demographics and baseline characteristics. Differences between groups in categorical variables were analyzed using the Chi-squared test or Fisher's exact test, as appropriate. Student's t test was used to examine differences in continuous variables. [5] . NIV, non-invasive ventilation; SBT, spontaneous breathing trial; SB, spontaneous breathing Predictors for unsuccessful weaning or unsuccessful SBT, which were derived from patients' clinical characteristics, comorbidities, respiratory indices, and the result of first SBT, were modeled using a binary logistic regression analysis. Age and gender were forced into the model, with the remaining predictors introduced to the model using a P value-based forward selection at the alpha level of five percent.
We considered P < 0.05 to be statistically significant for all tests performed.
Results
Between January 2014 and October 2018, 326 patients were screened for eligibility, and a total of 263 patients (80.7%) were included in the analyses. Individuals with weaning failure were more frequently female, had more ventilator days on admission, and there was a larger proportion of patients with obesity (body mass index ≥ 30 kg/m 2 ), chronic obstructive pulmonary disease (COPD) as a comorbidity, and acute exacerbation of COPD as the cause of respiratory failure. The remaining parameters were not significantly different between the two groups ( Table 1) .
Spontaneous breathing trials
All patients reached normocapnia (P a CO 2 ≤ 45 mmHg) on mechanical ventilation; 221 patients (84%) were on controlled ventilation prior to the SBT, with no significant differences between the two groups (82% and 86% in the weaning success and failure groups, respectively; p = 0.757). Patients with weaning failure had significantly higher values for IPAP, PEEP, DP, and VR than those with successful weaning. Similarly, calculated absolute MP, derived PBW-MP, LTC-MP and VE-MP, and P a CO 2 on mechanical ventilation were all significantly higher in these patients, who also failed their first SBT more frequently (Table 2) .
Weaning outcome measures
In the weaning failure group, the duration of weaning and length of hospital stay were significantly increased, and there were more patients with long-term oxygen therapy (LTOT) on discharge than in the successful weaning group (Table 3) . Hospital mortality in all patients was 14.4% and did not differ significantly between the two groups. Death on mechanical ventilation occurred in 9.5% of patients with unsuccessful weaning after a mean of 24 days upon first SBT (median 21 days, range 3-58 days).
Results of logistic regression analyses
Variables independently related to weaning failure were female gender, obesity, COPD, LTC-MP, P a CO 2 on mechanical ventilation, and failure of the first SBT upon admission to the weaning center (Table 4) .
In addition, female gender, LTC-MP (Fig. 2) , and P a CO 2 on mechanical ventilation were independent risk factors for failure of the first SBT.
Weaning failure was more common in obese than in non-obese patients (70.4% vs. 47.4%, respectively; p = 0.003), who also had significantly higher values for MP ( Based on the median P a CO 2 before the first SBT, the total population was also divided into patients with P a CO 2 < vs. ≥ 36 mmHg. Patients with lower P a CO 2 were less likely to have unsuccessful weaning (40.2% vs. 62.4%; p < 0.001) and a failed first SBT (16.4% vs. 36.9%; p < 0.001) and showed significantly lower values for LTC-MP (624 ± 304 vs. 738 ± 374 J/min × cmH 2 O/ml × 10 -3 ; p = 0.004) and for VR (1.02 ± 0.22 vs. 1.24 ± 0.28; p < 0.001). Table S1 compares clinical characteristics and outcomes between female and male patients (see Additional file 1). Females failed the first SBT more frequently (35.3% vs. 22.4%; p = 0.023), and weaning failure occurred in a significantly higher percentage of patients (61.8% vs. 46.0%; p = 0.012).
Discussion
The present study identified clinical predictors of prolonged weaning in long-term mechanically ventilated, tracheotomized patients, treated at a specialized weaning center, and the results point to a crucial role of the workload imposed on respiratory muscles of such patients. The results of the study can be summarized as follows. First, variables independently associated with failure of prolonged weaning were female gender, obesity, COPD as a comorbidity, LTC-MP, P a CO 2 on mechanical ventilation, and failure of the first SBT upon admission to the weaning center. Secondly, female gender, LTC-MP, and P a CO 2 on mechanical ventilation were also independently correlated with an unsuccessful first SBT.
The mechanical power of artificial ventilation describes the energy transmitted from the ventilator to the respiratory system. MP can be obtained mathematically by the "power equation," derived from the original equation of motion, unifying all determining ventilator variables, or experimentally by analysis of the respiratory system pressure-volume curve (P-V curve) [22] . The energy transmitted largely serves to overcome elastic recoil and airway resistance of the respiratory system, although some dissipates into the tissue of the lungs and the thoracic cage, with the component dissipating into the tissue of the lungs believed to be responsible for the development of ventilator-induced lung injury (VILI) [27] . In contrast, the pathophysiological basis for prolonged weaning is thought to be reduced respiratory muscle capacity [11, 12] , accompanied by increased load of the respiratory pump due to changes in the mechanical properties of the lungs (infiltrates, fibrosis, emphysema) and the thoracic cage (pleural effusion, increased abdominal pressure, and anasarca of the chest wall), that may be either reversible (by therapeutic intervention) or irreversible (e.g., due to pre-existing comorbidities). Patients' measured work of breathing (WOB) during spontaneous respiration, which is identical to the mechanical Fisher's exact test BMI body mass index, APACHE-II Acute Physiology and Chronic Health Evaluation II score, ECLA extracorporeal lung assistance (in acute respiratory failure), COPD chronic obstructive pulmonary disease, GFR glomerular filtration rate power generated by respiratory muscles, has proved to be a predictor of weaning [28] [29] [30] ; however, since WOB requires esophageal pressure measuring, the procedure is complex, impractical, and rarely used in routine practice. In contrast, energy delivered by the ventilator can be continuously calculated at the bedside and may be Fisher's exact test IPAP inspiratory positive pressure ventilation, PEEP positive end-expiratory pressure, DP driving pressure, VTi inspiratory tidal volume, BF breathing frequency, VE minute ventilation, MV mechanical ventilation, LTC dynamic lung-thorax compliance, MP, mechanical power, J joule, PBW-MP mechanical power normalized to predicted body weight, PBW predicted body weight, LTC-MP mechanical power normalized to dynamic lung-thorax compliance, VE-MP mechanical power normalized to minute ventilation, aBGA arterial blood gas analysis, SBT spontaneous breathing trial even directly displayed on the ventilator. Since the energy transmitted by the ventilator was found to be an independent variable related to weaning failure, corresponding to a state of chronic ventilatory insufficiency in the course of prolonged mechanical ventilation, it may at least be hypothesized, that at a particular P a CO 2, the MP transferred on mechanical ventilation would be correlated to a patients' WOB. In the present study, patients in the weaning failure group experienced significantly elevated MP values, mainly due to higher values for IPAP, indicating that with increasing MP, in order to secure adequate gas exchange, the likelihood of long-term ventilator dependency increases. LTC-MP describes the energy required to dilate the lungs and thoracic cage, and the present results indicate that this is crucial in prolonged weaning. In fact, therapeutic interventions during weaning aim at improving respiratory system compliance and resistance, thereby reducing a patient's WOB. In contrast, PBW-MP relates the transmitted energy to lung volume, which appears to be critical in the development of VILI in patients with acute respiratory distress syndrome [27] . Changes in respiratory mechanics in obese patients comprise reduced functional residual capacity (FRC), located in the shallow lower part of the P-V curve, and basal atelectasis due to elevated abdominal pressure, resulting in reduced LTC and increased WOB [31] . In addition, there is an approximate 1.5-fold increase in oxygen consumption even at rest with simultaneous excessive CO 2 production. This may help to explain the observed increased VR in such patients in the present study, equivalent to increased ventilatory demands, so indirectly contributing to the observed increased MP. These results are consistent with previous work, in which obesity has been identified as independently associated with failure of prolonged mechanical ventilation in tracheotomized patients treated at specialized longterm acute care facilities (LTAC) [17] . Similarly, in intubated patients, obesity is independently associated with increased extubation failure risk, and prophylactic use of non-invasive ventilation to reduce patients' WOB has proved to prevent reintubation [32] .
Just as in patients with obesity, the presence of COPD is characterized by specific changes in respiratory mechanics, primarily bronchial obstruction accompanied by lung hyperinflation. With increased respiratory rates, leading to dynamic hyperinflation, the FRC moves to the flat upper margin of the P-V curve. This results in increased WOB due to reduced LTC, together with reduced respiratory muscle capacity as a consequence of unfavorable pre-stretching of respiratory muscles fibers [33] . COPD as an underlying disease has already been described as a risk factor for unsuccessful weaning at LTACs [17, 34] , although existing data are contradictory [8, 9] . As in patients with obesity, the presence of COPD in intubated patients is an independent risk factor for extubation failure [6] , with similar recommendations for prophylactic use of NIV [35] . Both in COPD and obesity, the key predictor of increased weaning failure rate appears to be pre-existing increased WOB, accompanied Values for deceased patients were set at 0 h HMV-NIV home mechanical ventilation-non-invasive mechanical ventilation, HMV-IMV home mechanical ventilation-invasive mechanical ventilation, IMV invasive mechanical ventilation, SB spontaneous breathing, LTOT long-term oxygen therapy, SBT spontaneous breathing trial, LOS length of stay by reduced respiratory muscle capacity potentially further exacerbated by factors such as controlled mechanical ventilation, sepsis, or steroids in the course of ICU treatment [36] .
In the present study, the inability to spontaneously breathe for 30 min was independently associated with long-term ventilator dependency. Similar results were found in a study from Magnet and colleagues [18] , in which hypercapnia at the end of a weaning trial was independently associated with weaning failure. Accordingly, in intubated patients, clinical signs of ventilatory insufficiency at the end of a weaning trial (i.e., increased rapid shallow breathing index or hypercapnia) are predictive of extubation failure [6] and, if they occur after a few minutes of spontaneous breathing, even predictive of the outcome of a weaning trial [37] .
The finding that a lower P a CO 2 on mechanical ventilation was an independent predictor of successful weaning is more difficult to explain. So far, this variable has been assessed in a single study, in which intubated patients with a successful weaning trial had significantly lower P a CO 2 values on mechanical ventilation compared to patients who failed the SBT [38] . In the present study, although the amount of ventilatory assistance (IPAP, DP, and MP) was lower in successfully weaned patients, they had lower P a CO 2 values on mechanical ventilation. In addition to the lower LTC, the reason for this may be the observed reduced VR, which is an expression of a more favorable ratio of CO 2 production to MP, necessary to provide adequate gas exchange. In weaning failure patients, in order to achieve comparable mean P a CO 2 values, it would be necessary to adjust ventilator settings further toward a higher MP (i.e., increasing IPAP or respiratory rate), and this in turn, considering the present results, appears to be associated with unsuccessful ventilator weaning. Surprisingly, female sex was found to be independently associated with failure of the SBT and failure of prolonged weaning. There is no clear explanation for this finding; however, in one study, female gender has been SBT spontaneous breathing trial, OR odds ratio, 95% CI 95% confidence interval, n.s. not significant, BMI body mass index, COPD chronic obstructive pulmonary disease, LTC-MP mechanical power normalized to dynamic lung-thorax compliance, n.s. not significant, MV mechanical ventilation, n.a. not applicable identified as an independent risk factor for the occurrence of intensive care unit-acquired paresis, which in turn is associated with prolonged duration of mechanical ventilation [39] . In addition, differences in the mechanical properties of the respiratory system, most likely due to reduced lung volumes (total lung capacity and vital capacity) associated with both lower body height and female gender per se [40] , ultimately leading to reduced LTC in the present study, may explain the observed differences in weaning failure rates between female and male patients. Our study has several limitations. First, since this was a single-center study, the results are probably not transferable to other centers. Second, due to the difficulty in objectively measuring the amount of airway secretions and determining the type and frequency of different airway clearance techniques in a retrospective trial, we did not consider these important issues in terms of weaning outcome. Third, measurement of ventilator variables for calculating MP is ideally performed under deep sedation and muscle relaxation. Since patients admitted to the weaning center were neither sedated nor muscle relaxed, activation of respiratory or abdominal muscles cannot be ruled out without monitoring esophageal and gastric pressure [41] . This could either have led to an increase or decrease in VTi and minute ventilation, with a consequent distortion of LTC and MP. The same applies to activation of the diaphragm on assisted ventilation, although the proportion of assisted ventilated patients was low (16%) and not different when comparing successfully and unsuccessfully weaned patients. Furthermore, a simplified equation was used for calculation of MP in the pressure-controlled ventilation mode; however, this still seems to be sufficiently accurate for most clinical situations [24] and will probably facilitate application in routine practice.
Conclusions
In the present study, the derived predictors of weaning point to a crucial role of the workload imposed on respiratory muscles during spontaneous breathing. Individuals on prolonged mechanical ventilation should not only be classified according to underlying diseases, but also by parameters that quantify the workload imposed on respiratory muscles during spontaneous breathing. Measurement of LTC-MP could be easily implemented in routine practice and may help clinicians in guiding the weaning process (e.g., to control the degree of daily extension of spontaneous breathing) or to identify patients at high risk for weaning failure at an early stage. Finally, LTC-MP may also be useful in intubated patients as a predictor of extubation failure or the outcome of a weaning trial and may help decision-making for prophylactic use of NIV. Further prospective studies are required to confirm the present results.
Supplementary information
Supplementary information accompanies this paper at https://doi.org/10. 1186/s40560-020-00437-4.
Additional file 1. Supplemental methods: Definitions of ventilator variables, respiratory indices, and weaning outcome measures; Table S1 . 
